The antagonistic effect of Trichoderma harzianum on a range of seed-borne fungal pathogens of wheat (viz. Fusarium graminearum, Bipolaris sorokiniana, Aspergillus spp., and Penicillium spp.) was assessed. The potential of T. harzianum as a biocontrol agent was tested in vitro and under field conditions. Coculture of the pathogens and Trichoderma under laboratory conditions clearly showed dominance of T. harzianum. Under natural conditions, biocontrol effects were also obtained against the test fungi. One month after sowing, field emergence (plant stand) was increased by 15.93% over that obtained with the control treatment, and seedling infection was reduced significantly. Leaf blight severity was decreased from 22 to 11 at the heading stage, 35 to 31 at the flowering stage, and 86 to 74 at the grain filling stage. At harvest, the number of tillers per plant was increased by 50%, the yield was increased by 31.58%, and the 1,000-seed weight was increased by 21%.
Seed-borne pathogenic fungi affecting plant health are a major and constant menace to food production worldwide. Such pathogens cause seed rot and reduce seedling emergence, diminishing crop yield [4, 26] . Wheat plants are particularly vulnerable to different seed-borne diseases. In Bangladesh, of the 120 diseases of wheat that have been identified, 8 are caused by seed-borne fungi [14] . Seedborne infection by fungal pathogens is important not only because of its association with germination failure and/or disease in newly emerged seedlings or growing plants, but also because of the soil contamination that occurs owing to the permanent establishment of inocula [3] . Drechslera sorokiniana (Sacc), the causal agent of spot/blotch of wheat, is a predominant pathogen and is seed-borne [24] . This disease has become a major problem for wheat production in humid subtropical climates; in one study, the yield loss due to this disease ranged from 10-21% in 6 selected cultivars and advanced lines [23] .
Over the past few decades, agricultural production has expanded and farmers have increasingly relied on chemical pesticides as a relatively dependable method of protecting plants against pathogens [8] . However, the increasing use of chemical pesticides negatively affects the environment and human health [15] . Concerns about their safety and environmental effects in water, soil, and food require that such chemical inputs be minimized.
Biological control has been proposed as a replacement for chemical control of plant diseases [16] . It represents a natural and ecological approach that reduces chemical inputs and their effects on the environment. Biological control also tends to have more specific effects, with only the target pathogenic organism(s) being adversely affected; other beneficial organisms and a diverse soil microbial community are left intact to provide for healthier plants and roots [27] . Thus, biological control can be safer for humans, crops, and the environment. It also has the potential to be more stable and longer-lasting than other controls, and is compatible with the concepts and goals of integrated pest management and sustainable agriculture. Therefore, incorporation of biological control is of primary significance.
The potential of Trichoderma spp. as biocontrol agents against plant disease was first recognized in the early 1930s; subsequently, the usefulness of a variety of biocontrol agents has been demonstrated [16] . However, the efficacy of Trichoderma spp. makes them some of the most well known and most used biological agents for the control of plant disease [18] . Several strains of Trichoderma are effective as biocontrol agents against various soil-borne fungi, such as Fusarium spp., Sclerotium spp., and Rhizoctonia solani. T. harzianum significantly reduces the growth of S. rolfsii. The antagonistic effect of T. harzianum on a range of phytopathogenic fungi, including Alternaria solani, Botrytis fabae, Cladosporium cucumerinum, F. oxysporum, and F. tricinctum, has been studied [5] . Coculture of the phytopathogens and Trichodema under laboratory conditions has clearly demonstrated the dominance of Trichoderma species [6] . Trichoderma produces a compound called trichodermin, which is responsible for its antagonistic properties. Thus, T. harzianum may be an eco-friendly biocontrol agent that minimally disrupts the natural soil ecology, enabling the preservation of many beneficial microorganisms. This biocontrol agent has the potential to protect seedlings against several diverse plant pathogenic fungi [1] . T. harzianum is the most effective mycoparasite that is able to penetrate the hyphae of F. culmorum and can be used successfully to control Fusarium foot rot in wheat seedlings [13] . T. harzianum produces antibiotics that are capable of inhibiting the mycelial growth of F. culmorum [25] . Trichoderma spp. are effective in reducing the severity of foliar disease on wheat plants compared with untreated plants [29] .
Biological control agents have been reported as suitable for controlling seed-borne fungal diseases. In one study Knudsen et al. [20] reported that the number of tillers per row was increased by 53% after using seeds treated with a biocontrol agent. The yield of winter wheat was increased by 160% and the 1,000-grain weight by 4%. In another study, Sliesaravicius et al. [34] reported an increase in the number of healthy grains/ear as well as the yield of wheat after using biocontrol agents.
The efficacy of Trichoderma and other biocontrol agents has been demonstrated on a varitey of crop plants under field conditions suggesting that T. harzianum increases field emergence and yield, with a low incidence of disease severity in wheat [31] . It may play an important role in reducing the incidence of seedling disease and enabling a greater percentage of plant stands in the field [17] . Trichoderma biological control agents were reported to increase plant height in pigeon pea and bitter gourd [22] . Trichoderma spp. effectively reduced the severity of leaf blight in wheat [12] . In several field experiments, it has been observed that this biocontrol agent has a great influence on the yield and yield attributes of crop plants.
Despite the proven potential of Trichoderma as a biocontrol agent, there is still a need to further evaluate its efficiency under different conditions, climates, and available varieties of wheat and other similar crops in different geographical regions. Therefore, the potential of T. harzianum as a biocontrol agent against seed-borne diseases of wheat both in vitro and in vivo was evaluated in the present study. The effect of T. harzianum on the growth and yield of wheat under field conditions was also assessed.
MATERIALS AND METHODS

Seed Samples
The wheat cultivar Protiva was used and seed samples were collected from the Bangladesh Wheat Research Institute, Shyampur, Rajshahi.
Isolation and Identification of Seed-Borne Fungi
Bipolaris sorokiniana, Fusarium graminearum, Aspergillus spp., and Penicillium spp. were isolated from wheat seed samples using the blotter method described by the International Seed Testing Association [19] . Isolated fungi were identified to the genus level with the help of standard mycological reference publications [5, 35] . The isolated fungi were cultured on potato dextrose agar (PDA) at 28 ± 2 Isolation, Purification, Identification, Preservation, and In Vitro Screening of Isolates of T. harzianum T. harzianum was isolated from different garbage sources and soils and was cultured on PDA. The antagonistic effect of T. harzianum on fungal pathogens was evaluated using a dual culture technique [37] . Ten isolates of Trichoderma were tested for their antagonistic effect. On the basis of this effect, isolate RUT-103 (IMI-392432) was used in this study. A pure culture of the selected Trichoderma species was made on PDA using the hyphal tip culture technique. Cultures were preserved at 4 o C for further use.
Inhibition (%) Effect of T. harzianum Against B. sorokiniana, F. graminearum, Aspergillus spp., and Penicillium spp. PDA was inoculated with a 6 mm block of T. harzianum isolates on one side of the plate and with B. sorokiniana 7 cm away on the other side. Control plates contained only B. sorokiniana at the center of the plate. All PDA plates were then incubated at 28 o C and observed regularly to assess growth. The growth of B. sorokiniana was inhibited after it contacted T. harzianum. The percent inhibition of radial growth (PIRG) of B. sorokiniana was calculated as previously described [36] :
where X = mycelial growth (radial) of the pathogen on the control plate, and Y = mycelial growth (radial) of the pathogen on the dual culture plate. The same procedure was followed for F. graminearum, Aspergillus spp., and Penicillium spp. for calculation of inhibition.
Inoculation of Wheat Seed with T. harzianum Followed by Isolated Test Fungi
A 5-day-old culture of T. harzianum (isolate RUT-103) was used to prepare a spore suspension containing 10 5 spores/ml. Spore suspensions of B. sorokiniana, F. graminearum, Aspergillus spp., and Penicillium spp. were also prepared. Four hundred seeds of each variety of wheat were first inoculated with a spore suspension of test fungi and the treated seeds were dried under a laminar hood. The treated seeds were then dipped in the T. harzianum spore suspension for 20 min.
Field Experiments
The treated seeds were sown in the field and the field experiment was carried out in a randomized block design with three replications for each treatment. The distance between blocks and between plots was 80 and 50 cm, respectively. Each unit plot size was 10 m 2 . Thus, there were 18 plots for the study. Seeds were sown in lines maintaining a spacing of 20 and 5 cm between rows and seed-toseed, respectively. Three foliar sprays of the T. harzianum spore suspension (10 5 spores/ml) were done at the tillering, heading, and grain filling stages along with seed treatment.
Data Collection and Analysis
Data regarding field emergence, number of infected seedlings per plot, tillers per plant, plant height, ear length, number of spikelets per ear, healthy grains per ear, infected grains per ear, 1,000-seed weight, and yield per plot were collected. Leaf blight severity was scored on a scale of 00-99 [32] . All analyses were conducted in duplicate with three replicates for each experiment. Data are expressed as the mean ± standard error. The results were analyzed using the SPSS statistical package (SPSS, Chicago, IL, USA). An analysis of variance (ANOVA) was used to evaluate the treatments. Duncan's Multiple Range Test was used to determine the significant difference at p≤0.05.
RESULTS
Antagonistic Effect of T. harzianum in Coculture
The in vitro antagonistic effect of T. harzianum on the radial growth of F. graminearum, B. sorokiniana, Aspergillus spp., and Penicillium spp. was determined after 6 and 8 days of incubation at 28 ± 1 o C. In every case, T. harzianum showed good antagonistic effect against the tested fungi. The percent inhibition of radial growth (PIRG) of F. graminearum was 39. 21 (Table 1) . Treatment of seeds with T. harzianum only gave the highest plant stand (53.33%) followed by the treatment combinations T. harzianum + Penicillium spp. and T. harzianum + F. graminearum, whereas the lowest plant stand was recorded in the control treatment (46.0%). In this experiment, T. harzianumtreated seeds displayed up to 15.93% higher plant stand over the control. Except for the treatment combinations T. harzianum + F. graminearum and T. harzianum + B. sorokiniana, all other treatments completely controlled seedling infection in the experimental plot. On the other hand, the untreated control plot displayed the highest rate of seedling infection. Leaf blight severity was also recorded on a scale of 00-99 at the heading, flowering, and grain filling stages. Treatment of seeds with T. harzianum either alone or in combination with seed-borne fungi, and later on foliar spray with T. harzianum, reduced leaf blight severity from 22 to 11 at the heading stage, 35 to 31 at the flowering stage, and 86 to 74 at the grain filling stage ( Table 1) .
Effect of T. harzianum
Either Alone or in Combination with Seed-Borne Fungi on Field Emergence, Number of Infected Seedlings and Leaf Blight Severity of Wheat Under Field Conditions Plant stand under different treatments varied significantly from 46.00% to 53.33%
Effect of Trichoderma harzianum in Combination with
Seed-Borne Fungi on Number of Tillers/Plant, Plant Height, Ear Length, and Spikelets/Ear of Wheat Under Field Conditions Under different treatments, the number of tillers/plant varied from 6.00 to 9.00. Most of the treatments significantly increased the number of tillers/plant. T. harzianum either alone or in combination with B. sorokiniana produced the highest number of tillers/plant (9.00) and a similar trend was also found in the case of T. harzianum + Penicillium spp. (Table 2 ). This result indicates an increase of up to 50% in the number of tillers/plant over the control. Plant height and ear length were also significantly influenced by seed treatment and foliar spray with T. harzianum. Plant height ranged from 83-99 cm, where the highest and the lowest plant heights were recorded with the T. harzianum + Penicillium spp. treatment and in the control, respectively. Ear length varied from 17.33 to 19.66 cm. According to Duncan's Multiple Range Test, all of the treatments showed a statistically identical result for increased ear length, but the control treatment produced the lowest result ( Table 2 ). The treatments significantly differed in the number of spikelets/ear and grains/ear. Spikelets/ear varied from 18.00-22.33, where the highest number of spikelets/ear was recorded when seeds were treated with T. harzianum + Penicillium spp. and foliage sprayed with T. harzianum.
Seed treatment and foliar spray with T. harzianum also resulted in 22 spikelets/ear.
Effect of T. harzianum Either Alone or in Combination with Seed-Borne Fungi on Number of Grains/Ear, Health Grains/Ear, Infected Grains/Ear, 1,000-seed Weight, and Yield of Wheat Under Field Conditions
The effect of T. harzianum either alone or in combination with seed-borne fungi on the number of grains/ear, healthy grains/ear, 1,000-seed weight, and yield/plot of wheat cv. Protiva was determined under field conditions. The summarized results are shown in Table 3 . Owing to seed treatment and foliar spray, the number of grains/ear varied from 41.00 to 51.10. Except for the control, the rest of the treatments resulted in a significantly increased number of grains/ear and the treatment effects were statistically identical. The number of healthy and infected grains/ear ranged from 36.33 to 48.00 and 2.50 to 4.66, respectively. In this case, most of the treated plots produced the highest number of healthy and the lowest number of infected grains/ear. In every case, the control treatment produced the lowest number of healthy and highest number of infected grains/ear ( Table 3 ). The 1,000-seed weight under different treatments varied significantly from 37.00 to 46.00 g, where the maximum was due to seed treatment and foliar spray with T. harzianum, followed by treatment with the combination of T. harzianum + F. graminearum, whereas the minimum (37 g) was recorded in the control treatment (Table 3) . To determine the antagonistic potential of T. harzianum, we recorded yield/plot under different treatments; it varied from 3.36 to 4.62 t/ha (Fig. 1) . The highest grain yield was recorded after application with T. harzianum as a seed treatment and foliar spray, resulting in up to 37.50% higher grain yield over the control. Seed treatment with the combination of T. harzianum + F. graminearum and foliar spray with T. harzianum produced a 33.92% increase in grain yield over the control (Fig. 1) .
DISCUSSION
Seed health testing of the collected wheat seed samples revealed that the seeds were associated with six different fungi: B. sorokiniana, F. graminearum, Aspergillus spp., Penicillium spp., Rhizopus spp., and Alternaria spp. The association of fungi with wheat seeds has been reported [33] . The mycoparasitic modes of action of T. harzianum against the seed-borne fungi B. sorokiniana, F. graminearum, Aspergillus spp., and Penicillium spp. were studied extensively in coculture assays in vitro. Coculture of the phytopathogens and Trichoderma under laboratory conditions clearly showed the dominance of the latter. The lytic action of the pathogen was clearly apparent and the inhibition of growth appeared to be directly related to its ability to hydrolyze the cell walls of the tested microorganisms, rather than through the inhibitory action of antibiotics or toxins [21] . It has been found that culture filtrates of T. viride and T. harzianum inhibit F. moniliforme [6] . Based on the results of the present investigation, Trichoderma spp. are potential candidates for biocontrol of some mycotoxin-producing fungi, but there exists some doubt as to their osmotolerance within air-dried seeds. In our study, we observed that T. harzianum inhibited the radial growth of F. graminearum by 43.33%. The interaction of the pathogen F. moniliforme and antagonistic T. harzianum isolates has been studied; Trichoderma isolates retarded the radial mycelial growth of F. moniliforme by 32.5% and 45% [13] . This result is in accordance with that of the present investigation, where a good inhibitory effect of T. harzianum against B. sorokiniana was observed on PDA (45.71%). In one study, a compound produced in agar culture by T. koningii inhibited the growth of pathogens including B. sorokiniana, F. oxysporum, Gaeumannomyces graminis var. tritici, R. solani, Phytophthora cinnamomi, and Pythium middletonii [11] . The collective previous and current data support the view that Trichoderma spp. can be used as a biological control agent.
In the present study, we used a cultivation-based approach (field study) to characterize the in vivo antagonistic potential of T. harzianum towards seed-borne pathogenic fungi. The highest percentage of plant stands was recorded after treatment of the wheat seeds alone with T. harzianum and the lowest was found in the untreated control. After seed treatment, up to a 15.93% increase in plant stand could be obtained over the control. F. graminearum is associated with the cereal damping-off complex, which reduces germination, seedling stand, and yield. Furthermore, T. harzianum exerted good control in seedling blight of wheat [10] . In a study where five isolates of T. harzianum were tested against Fusarium spp. of wheat, all the treatments gave a significant increase in field emergence and yield, with a low incidence of disease severity when compared with the untreated control [30, 31] .
During the present investigation, the antagonistic effect of T. harzianum against the test fungi was studied regarding seedling infection in the field. No infected seedlings were found in the plots where seeds were sown after treatment with T. harzianum alone or in combination with Aspergillus spp. and Penicillium spp., whereas the highest seedling infection (5%) was recorded in the control plot. Similar results have been amply reported [17, 28] . Combined treatment with T. harzianum + F. graminearum and T. harzianum + B. sorokiniana also produced a minimum number of seedling infections per plot. In the present investigation, leaf blight severity was recorded on a scale of 00-99 at the heading, flowering, and grain filling stages. After seed treatment with T. harzianum, either alone or in combination with seed-borne fungi, and foliar spray with T. harzianum, leaf blight severity was reduced from 22 to 11 at the heading stage, 35 to 31 at the flowering stage, and 86 to 74 at the grain filling stage. In most of the cases, seed treatment and foliar spray alone with T. harzianum showed a better result in reducing leaf blight severity. Greenhouse experiments conducted in 2000 and 2001 demonstrated that seven strains of Trichoderma spp. significantly reduced disease severity in wheat plants compared with untreated plants [29] . In another study, it was observed that application of Trichoderma spp. on wheat plants reduced disease severity significantly (16-23%) in comparison with the control treatment [2] . Another study yielded similar findings [34] . Significant results were found regarding ear length when wheat plants were sprayed with T. harzianum at 35, 45, and 60 days after sowing. Herein, we also recorded ear length and observed a variation from 17.33 to 19.66 cm. The highest ear length was recorded in a plot where seeds were sown after treatment with T. harzianum + Aspergillus spp., and it was statistically identical to the other treatments. The highest number of grains per ear was counted in the plot that received seed treatment in combination with T. harzianum + Penicillium spp. and foliar spray with T. harzianum, whereas the lowest number of grains per ear was recorded in the control. The number of healthy grains per ear was significantly increased by the different treatments, varying from 36.33 to 48.00 (Table 3 ). Another study determined that the biological agent Biojodis produced the highest number of healthy grains, as compared with the untreated plot [34] . After treatment either alone or in combination with T. harzianum followed by foliar spray, a 1,000-seed weight of up to 46 g was obtained from the plot receiving seed treatment and foliar spray with T. harzianum. Similar findings have been reported in two other studies [7, 9] . Seed treatment with T. harzianum either alone or in combination with seed-borne fungi and foliar spray with T. harzianum resulted in significant variation in grain yield per plot. In this study, we recorded an increase in grain yield of up to 37.50% over the control, similar to the increased grain yield of winter wheat obtained following the application of Biojodis [34] . In an experiment conducted under field conditions with biocontrol agents, the yield of winter wheat was increased by 160% and the 1,000-grain weight by 4% [20] .
Wheat growers can be advised to use biocontrol agents for treating their seeds before sowing in the field and to spray wheat plants. Such an approach will reduce disease incidence and increase yield. For confirmation, this study needs to be repeated in different agroclimatic zones of Bangladesh using different selected wheat varieties.
